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APPLICATION OF REMOTE SENSING FOR QUANTIFYING
AND MAPPING SURFACE ENERGY FLUXES IN
SOUTH CENTRAL NEBRASKA: ANALYSES
WITH RESPECT TO FIELD MEASUREMENTS
V. Sharma, S. Irmak, A. Kilic, D. Mutiibwa

ABSTRACT. Large-scale quantification of crop evapotranspiration (ETc) from various vegetation surfaces can aid in planning, managing, and allocating water resources. Field measurement of surface energy fluxes, including ETc, remains (and
should remain) a crucial process for calibration and validation of satellite/remote sensing-based methods, which can provide
important supporting information for water balance assessments and for analyzing the spatial distribution of energy fluxes on
large scales. The Surface Energy Balance System (SEBS) was evaluated in estimating surface energy fluxes in south central
Nebraska using Landsat imagery and meteorological data. SEBS-estimated surface energy fluxes were compared to Bowen
Ratio Energy Balance System (BREBS) flux data measured over tall (maize) and short (winter wheat and rainfed grass) vegetation surfaces at Nebraska Water and Energy Flux Measurement, Modeling, and Research Network (NEBFLUX) tower
sites. A total of 54 cloud-free Landsat 5 Thematic Mapper and Landsat 7 Enhanced Thematic Mapper Plus images that were
available for both path 29 row 31 and path 29 row 32 were analyzed for the spatial distribution of ETc over the study area.
On an all-vegetation-average basis (pooled data from all surfaces), the correlation between estimated and measured surface
energy balance components had R2 values of 0.88, 0.90, 0.63, and 0.32 for ETc, net radiation (Rn), sensible heat flux (H), and
soil heat flux (G), respectively. SEBS overestimated Rn considerably by 46 W m-2, and estimates for G were also poor. Results
were somewhat improved when comparisons were made on an individual vegetation surface basis. In addition to detailed
analyses of ETc and other surface energy fluxes of irrigated maize, winter wheat, and rainfed grassland, the spatial distributions of ETc for ten other surfaces (rainfed maize, sorghum, soybean, winter wheat, alfalfa, open water, developed/open
space, deciduous forest, grassland/pasture, and woody wetlands) were mapped and evaluated. Substantial variability in ETc
was observed over the study area, which was mainly due to the diverse cropping systems and management practices across
the area. The SEBS performance was poor and unsatisfactory during days with precipitation events. Additional research is
needed to investigate the performance of SEBS for various vegetation surfaces and to develop algorithms to improve the performance of the model to estimate surface energy fluxes for different periods of the growing season and during days with
precipitation events.
Keywords. Energy balance, Evapotranspiration, Latent heat, Remote sensing, Sensible heat.

B

alancing limited water resources to meet increasing demands by various water users continues to
be a challenge for water management agencies,
policymakers, and researchers. Irrigation in the
U.S. accounts for about 80% of the nation’s total water
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withdrawal (Jiang et al., 2009). In the cycle of the withdrawn water, crop evapotranspiration (ETc or latent heat
flux, LE) plays a significant role in quantifying the water
balance. While spatially discrete and highly accurate techniques are available to estimate ETc at point and field
scales (e.g., Bowen Ratio Energy Balance System, lysimeters, eddy covariance system, surface renewal), satellite/remote sensing technology when coupled with a geographical information system (GIS) has the potential to
enable development, extrapolation, and mapping of energy
fluxes to larger scales that can aid in watershed or regional
water balance analyses. These techniques also have the
potential to quantify the spatial and temporal dynamics of
energy fluxes at different resolutions. These tools could aid
local, state, and federal water management regulatory
agencies in determining water use for different land surfaces for long-term watershed management, planning, allocation, and forecasting on a regional scale.
Since the 1990s, several satellite/remote sensing-based
empirical relationships have been developed to determine
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ETc and other energy balance fluxes and crop coefficients
(Kustas et al., 1994; Jiang and Islam, 2001; Wang et al.,
2007; Singh and Irmak, 2009, 2011), while other studies
have used physical approaches, including the Surface Energy Balance Index (SEBI; Menenti and Choudhary, 1993),
Simplified Surface Energy Balance Index (S-SEBI; Roerink et al., 2000), Surface Energy Balance System (SEBS;
Su, 2002), Surface Energy Balance Algorithm for Land
(SEBAL; Bastiaanssen et al., 1998), Mapping Evapotranspiration at High Resolution with Internalized Calibration
(METRIC; Allen et al., 2007), and others. These models
have been applied at local and regional scales to estimate
surface energy fluxes in combination with field and/or metrological observations.
Similar to other satellite/remote sensing-based algorithms, the SEBS model, which was applied in the current
research, integrates both Landsat satellite data and surface
meteorological information to estimate the turbulent fluxes
and evaporative fraction at the land surface. SEBS consists
of models to (1) quantify various land surface parameters
such as normalized difference vegetation index (NDVI),
leaf area index (LAI), and surface temperature; (2) determine the roughness length for heat transfer; and (3) determine the surface albedo and net radiation from remotely
sensed radiance values obtained with satellite sensors. The
model constrains the surface heat flux estimation by considering the dry limit (LE = 0) and wet limit (LE taken at
potential rate), thereby limiting the sensible heat flux (H)
estimation within upper and lower boundaries. At the wet
boundary condition, Su (2002) derived a formulation that
integrated the surface energy conservation principle equation and the modified Penman-Monteith combination equation (Monteith, 1965) to estimate ETc and H. Su (2002)
used the Penman-Monteith combination equation, as described by Menenti (1984) that combined the internal resistance and aerodynamic resistance into the bulk internal
resistance. The modification was based on the assumption
that the roughness lengths for heat and vapor transfer are
the same (Brutsaert, 1982). The application of the equation
requires a soil surface with a properly defined internal resistance, which is regulated by soil water content. The bulk
internal resistance is generally not known a priori. At the
wet boundary condition, the internal resistance is assumed
to be so small that it is equivalent to zero. This is because
soil water availability is non-limiting at the wet boundary.
Therefore, the diffusive resistances to soil moisture transfer
from the soil surface to the near atmosphere and the resistance to water vapor transfer from sub-stomatal cavities
to the near atmosphere are at minima. Thus, it is assumed
that soil evaporation and vegetation transpiration are at
their potential rates. With the bulk internal resistance equal
to zero, the Penman-Monteith relationship can provide an
estimate of LE and H at the wet boundary.
The SEBS model has been applied for mapping surface
energy balance components at field scale (Su et al., 2005),
regional scale (Zhuo et al., 2014; Ma et al., 2013; Elhag et
al., 2011; Jia et al., 2009), and global scale (Vinukollu et
al., 2011). Su (2002) applied and validated the SEBS algorithm on a dataset from Arizona that included cotton fields,
a shrub-dominated ecosystem, and a grass-dominated eco-
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system. Results indicated that ETc estimates were within
43%, 80%, and 87% of the measured data for cotton,
shrubs, and grass fields, respectively. However, higher coefficients of determination (R2, which ranged from 0.80 to
0.91) were observed for net radiation (Rn) and soil heat flux
(G) for all three surfaces. Another study conducted by Su et
al. (2005) estimated regional fluxes using Landsat Enhanced Thematic Mapper Plus data and reported predicted
ETc values within 5% to 10% of field measurements for
maize and soybean. They reported the root mean square
difference (RMSD) between observed and modeled ETc as
28.7 W m-2 and 84.9 W m-2 for maize and soybean, respectively, with a combined error of 60.6 W m-2. Gowda et al.
(2013) reported 86% variability in the observed ETc data
with a slope of 0.90 using 15 Landsat 5 Thematic Mapper
images acquired during 2006 to 2009 in Bushland, Texas.
They observed a poor relationship between SEBS-modeled
Rn and measured lysimeter data, with an R2 value of 0.29
for irrigated and rainfed settings. Paul et al. (2011) evaluated the ability of SEBS to estimate hourly ETc using highresolution (0.5 to 1.8 m) aircraft images and the observed
data from four weighing lysimeters at Bushland, Texas, for
irrigated and dryland sorghum and maize. They reported
overall mean bias error and RMSD of -0.01 mm h-1 and
0.11 mm h-1, respectively, with an R2 of 0.74. Ma et al.
(2012) evaluated 16 Landsat images of the Coleambally
Irrigation Area in Australia for 2009, 2010, and 2011 and
observed an R2 of 0.95 (RMSD = 0.74 mm d-1) between
SEBS-estimated and measured ETc over wheat and rice
vegetation surfaces. On a global scale, Vinukollu et al.
(2011) estimated LE over mixed vegetation surfaces, including cropland and deciduous broadleaf forests, and observed a mean correlation (Kendall’s τ) of 0.51 with an
RMSD of 20 W m-2 between monthly mean SEBSestimated and ground observations of ETc.
The aforementioned studies reveal that the correlation
between remote sensing/satellite-estimated energy fluxes,
primarily ETc, may exhibit variation with the vegetation
surface and location of study when compared to measured
values. Thus, extensive validation of any given remote
sensing/satellite-based ETc and other energy balance flux
estimation method should be conducted with a variety of
vegetation surfaces for performance evaluation. The main
objectives of this study were to: (1) assess the performance
of the SEBS algorithm to estimate ETc and other energy
fluxes using Landsat imagery with respect to Bowen Ratio
Energy Balance Systems (BREBS) measured surface energy variables for several vegetation surfaces (irrigated
maize, winter wheat, and rainfed grass) in south central
Nebraska, and (2) quantify and evaluate the spatial and
temporal distribution of ETc over the study area.

MATERIALS AND METHODS
STUDY AREA
The study area is located in south central Nebraska,
from 39° 59′ 39.472″ N to 41° 24′ 24.80″ N and from 96°
58′ 37.255″ W to 98° 43′ 22.815″ W (fig. 1). The study
area covers three natural resources districts (NRDs):

TRANSACTIONS OF THE ASABE

Figure 1. Location of the study area showing the natural resources district (NRD) boundaries, county boundaries, and NEBFLUX (Irmak, 2010)
BREBS and eddy covariance system locations, and a detailed land use map based on a mosaicked true color Landsat image.

(1) Little Blue NRD, (2) Upper Big Blue NRD, and
(3) portion of Central Platte NRD, including Adam, Clay,
Fillmore, Hall, Hamilton, York, Polk, Thayer, and portions
of Jefferson, Nuckolls, Webster, Seward, Butler, and Merrick counties. The total study area is 16,959 km2, and the
major soil type is silt loam. The surface elevation of the
study area varies from 388 m above mean sea level in the
south-southeast to 647 m in the north-northwest. Figure 1
also shows a land use map of the study area. The focus of
this study is the heterogeneous land cover classification of
the study area, which is 70% rainfed and irrigated maize,
soybean, sorghum, winter wheat, alfalfa, deciduous forest,
grassland, and water bodies. The study area is in a transition zone between sub-humid and semiarid climates, and
the climate in the region is mainly influenced by the extreme cold and dry continental air masses that pass through
the Rocky Mountains and Canada during the winter and the
warm and sub-humid air turbulence that moves up from
Gulf of Mexico during the summer (Irmak, 2010; Sharma
et al., 2011).
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Table 1 summarizes the average weather conditions at
two stations (near Clay Center and Central City, Nebraska)
on the dates of satellite overpass. The field datasets for this
study were obtained from the Nebraska Water and Energy
Flux Measurement, Modeling, and Research Network
(NEBFLUX; Irmak, 2010) that operates eleven BREBS
(Radiation and Energy Balance Systems, REBS, Inc.,
Bellevue, Wash.) and eddy covariance systems over various vegetation surfaces, which measure surface energy
fluxes (ETc, H, Rn, G), incoming and outgoing longwave
and shortwave radiation, surface albedo, microclimatic/weather variables, soil moisture (every 0.30 m down to
1.8 m), soil temperature, and other variables on an hourly
time step throughout the calendar year for surfaces ranging
from center-pivot or subsurface drip irrigated and rainfed
maize, soybean, winter wheat, grass, alfalfa, seed-maize/
cover crop rotation, and other croplands under different
tillage practices to Phragmites australis-dominated cottonwood and peach leaf willow (Salix amygdaloides) riparian
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Table 1. Average weather conditions measured at the BREBS-1 (near Clay Center, Neb.) and BREBS-3 (near Central City, Neb.) NEBFLUX
(Irmak, 2010) tower sites for the days of satellite overpass. Weather parameters include daily average air temperature (Tavg), relative humidity
(RH), wind speed at 2 m height (u2), dew point temperature (Tdew), alfalfa- and grass-reference (potential) evapotranspiration (ETr and ETo),
and precipitation (P).
Julian
Tavg
u2
Tdew
ETo
P
RH
Rs
ETr
Location
Date
Date
(mm d-1)
(°C)
(%)
(W m-2)
(m s-1)
(°C)
(mm d-1)
(mm d-1)
Clay Center
20 Apr. 2009
110
10.1
42.2
281.9
5.7
-1.7
8.3
5.7
0
(BREBS-1)
6 May 2009
126
18.9
57.5
306.2
4.4
9.5
8.1
6.1
0
30 May 2009
150
21.7
37.6
338.7
3.5
7.9
10.9
8.1
0
1 July 2009
182
20.4
61.7
297.0
1.6
13.5
6.7
5.6
0
9 July 2009
190
26.0
69.8
264.5
3.3
20.0
7.8
6.0
0
17 July 2009
198
18.4
69.8
285.4
2.0
12.7
6.3
5.1
0
2 Aug. 2009
214
22.7
64.3
256.4
4.0
16.2
8.3
6.2
0
27 Sept. 2009
270
17.2
52.3
184.4
4.6
6.2
7.8
5.3
0
2 June 2010
153
19.0
67.9
274.9
3.5
12.6
6.2
4.9
2.3
26 June 2010
177
27.9
71.2
334.1
4.7
22.1
9.4
7.3
0
21 Aug. 2010
233
24.3
72.2
283.0
1.9
19.0
6.7
5.6
0
22 Sept. 2010
265
24.1
71.6
200.7
5.9
18.7
7.3
5.3
0
30 Sept. 2010
273
14.8
56.0
213.4
2.1
5.6
5.1
4.0
0
8 Oct. 2010
281
20.8
46.7
184.4
3.9
8.3
8.4
5.8
0
16 Oct. 2010
289
12.8
51.1
172.8
2.9
2.9
5.4
3.9
0
4 May 2011
124
17.3
41.1
281.9
7.1
2.1
10.6
7.3
0.76
12 May 2011
132
17.0
71.6
290.0
6.0
11.4
7.1
5.4
2.03
5 June 2011
156
25.0
58.2
319.0
3.0
15.9
9.5
7.3
0
29 June 2011
180
25.1
68.9
320.2
4.2
19.5
9.0
7.0
0
31 July 2011
212
27.1
85.1
279.6
2.8
24.6
6.4
5.4
0
8 Aug. 2011
220
23.5
80.5
276.1
2.4
19.7
5.8
4.9
11.4
24 Aug. 2011
236
23.5
75.2
257.5
2.7
19.8
6.6
5.3
0
1 Sept. 2011
244
27.3
65.3
247.1
2.7
19.8
7.1
5.6
0
25 Sept. 2011
268
12.1
64.3
212.3
1.4
5.6
4.3
3.5
0
3 Oct. 2011
276
18.5
46.6
181.0
3.2
6.3
6.9
4.9
0
19 Oct. 2011
292
3.6
57.8
167.0
3.4
-3.3
3.5
2.5
0
Central City
20 Apr. 2009
110
9.2
38.9
285.4
4.1
-2.7
7.8
5.5
0
(BREBS-3)
30 May 2009
150
19.8
42.1
321.3
2.8
8.3
9.4
7.1
0
23 June 2009
174
28.4
83.2
284.2
1.4
23.8
6.2
5.4
3.8
1 July 2009
182
20.0
67.4
316.7
1.1
14.6
6.4
5.6
0
17 July 2009
198
17.9
71.0
339.9
2.1
12.3
7.0
5.7
0
25 July 2009
206
22.5
70.6
306.2
1.8
16.9
7.1
5.8
0
2 Aug. 2009
214
22.4
72.2
294.6
3.6
18.1
7.5
6.0
0
18 Aug. 2009
230
19.6
80.6
273.8
2.0
17.0
5.7
4.8
0
27 Sept. 2009
270
17.7
46.3
208.8
4.2
5.8
7.9
5.6
0
1 May 2010
121
12.5
46.2
319.0
4.2
0.9
8.4
6.1
0
18 June 2010
169
23.7
63.4
279.6
1.6
15.7
6.3
5.3
0
26 June 2010
177
27.4
75.8
303.9
2.9
23.1
7.5
6.2
0
5 Aug. 2010
217
23.3
82.7
249.4
1.0
19.4
5.0
4.5
0
13 Aug. 2010
225
25.0
60.5
277.2
2.2
18.1
7.4
6.0
0
21 Aug. 2010
233
24.2
75.1
279.6
1.3
19.5
6.3
5.4
0
14 Sept. 2010
257
20.7
73.3
228.5
1.8
15.8
5.4
4.4
0
30 Sept. 2010
273
14.4
60.8
211.1
1.2
5.9
4.4
3.6
0
8 Oct. 2010
281
23.3
41.2
177.5
3.2
8.3
7.7
5.5
0
16 Oct. 2010
289
11.4
49.9
169.4
2.5
2.8
5.2
3.8
0
5 June 2011
156
25.2
51.8
306.2
2.4
14.6
9.5
7.3
0
29 June 2011
180
24.9
71.9
305.1
3.7
19.9
8.1
6.4
0
31 July 2011
212
26.1
87.8
269.1
1.8
24.5
5.7
5.0
0
8 Aug. 2011
220
23.2
79.6
269.1
1.7
18.8
5.6
4.8
8.9
1 Sept. 2011
244
26.3
77.1
228.5
2.1
21.5
5.5
4.6
0
25 Sept. 2011
268
10.9
68.7
190.2
1.1
5.8
3.7
3.1
0
3 Oct. 2011
276
18.9
45.3
170.5
2.8
6.2
6.3
4.6
0
19 Oct. 2011
292
3.1
60.7
162.4
2.3
-3.6
3.0
2.2
0
27 Oct. 2011
300
3.3
59.4
138.0
2.1
-3.5
2.8
2.1
0

systems since 2004 (Irmak, 2010). The air temperature and
relative humidity gradients were measured using two platinum resistance thermometers and monolithic capacitive humidity sensors (REBS models THP04015 and THP04016,
respectively) with resolutions of 0.0055°C for temperature
and 0.033% for relative humidity. The measured temperature and relative humidity gradients were used to calculate
sensible heat flux density, Bowen ratio, and vapor pressure
deficit. The BREBS include a barometric pressure sensor
(model 276, Setra Systems, Inc., Boxborough, Mass.). Pre-
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cipitation is recorded using a tipping-bucket rain gauge
(model TR-525, Texas Electronics, Inc., Dallas, Tex.).
Wind speed and direction above the canopy are measured
using a cup anemometer (model 034B, Met One Instruments, Grant Pass, Ore.) that has a wind speed range of 0
to 44.7 m s-1 and threshold wind velocity of 0.28 m s-1.
The BREB system uses an automatic exchange mechanism that physically exchanges the temperature and humidity sensors every 15 min at two heights above the
canopy to minimize the impact of any bias in the top and
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bottom temperature and humidity sensors on the Bowen
ratio calculations.
All variables were sampled every 60 s and averaged and
recorded on an hourly basis using a CR10X datalogger and
AM416 relay multiplexer (Campbell Scientific, Inc., Logan, Utah) (Irmak, 2010). The extensive maintenance procedures described by Irmak (2010) were followed weekly
in this research to ensure continuous and good-quality data
collection throughout the year (Irmak, 2010). G was measured using three REBS HFT-3.1 heat flux plates and three
soil thermocouples. Each soil heat flux plate was placed at
a depth of 0.08 m below the mean ground level. Fetch was
adequate at all the sites. For example, BREBS-1 was installed on a 13.8 ha subsurface drip irrigated field with a
fetch distance of 260 m in the north-south direction and 137
m in east-west direction; the dominant wind direction is
usually from south during the summer months (Irmak,
2010). Similar observations were made by Masseroni et al.
(2011, 2014), who reported that the representative source
area for eddy covariance measurement is a function of wind
direction. Detailed descriptions of the sites, instrumentation
characteristics and heights, and measurement details are
presented by Irmak (2010). BREBS-1 is located at the University of Nebraska-Lincoln South Central Agricultural
Laboratory (SCAL) near Clay Center, Nebraska. Among
NEBFLUX network towers, winter wheat in 2009 and 2010
and subsurface drip-irrigated maize in 2011 (BREBS-1)
were selected. In 2008 and 2009, winter wheat was planted
on October 3 and September 30, respectively, and harvested on July 9 and July 8, respectively. In 2011, irrigated
maize was planted on May 4 and harvested on November 3.
BREBS-3 is a rainfed grassland field approximately 70 ha
in size and contains primarily buffalo grass (Bouteloua
dactyloides Nutt.) and tall fescue. It is a native grassland
field established in 1980 (Irmak, 2010). Detailed descriptions of the experimental site, soil and crop management
practices, etc., are presented by Irmak (2010).
SATELLITE DATA
Images from Landsat 5 (L5) Thematic Mapper (TM) and
Landsat 7 (L7) Enhanced Thematic Mapper Plus (ETM+)
overpasses (path 29 row 31 and path 29 row 32), cloud-free
and geo-rectified for systematic terrain correction, for the
2009, 2010, and 2011 growing seasons were used in the
analyses. All images were obtained from the Earth Resources Observation and Science Center (EROS) of the
U.S. Geological Survey. A total of 54 images (28 images
for path 29 row 31 and 26 images for path 29 row 32) were
used in the analyses. The Model Maker tool of ERDAS
imagine processing software (Leica Geosystems Geospatial
Imaging, LLC) was used to code the SEBS algorithm and
subsequently used to process the Landsat images and check
the performance of the SEBS algorithm for different vegetation conditions. Detailed descriptions of all the images,
including acquisition date and vegetation type, are presented in table 2. The scan line correction for the L7 band 5
dataset was carried out using the neighborhood function
with 5×5 pixel majority function. For both path 29 row 31
and path 29 row 32 images, neighborhood gap filling did
not affect the pixels surrounding the BREBS station, as
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Table 2. Image acquisition date, NEBFLUX (Irmak, 2010) BREBS
tower sites (BREBS-1 and BREBS-3), path and row of the image, and
vegetation type during the time of Landsat overpass at the study sites.
Vegetation Type
BREBS-1
BREBS-3
Date
BREBS-1 Path/Row
20 Apr. 2009
1,3
29/31; 29/32 Winter wheat Rainfed grass
6 May 2009
3
29/31
Winter wheat Rainfed grass
30 May 2009
1,3
29/31; 29/32 Winter wheat Rainfed grass
23 June 2009
1
29/32
Winter wheat Rainfed grass
1 July 2009
1,3
29/31; 29/32 Winter wheat Rainfed grass
9 July 2009
3
29/31
Winter wheat Rainfed grass
17 July 2009
1,3
29/31; 29/32
Rainfed grass
25 July 2009
1
29/32
Rainfed grass
2 Aug. 2009
1,3
29/31; 29/32
Rainfed grass
18 Aug. 2009
1
29/32
Rainfed grass
27 Sept. 2009
1,3
29/31; 29/32
Rainfed grass
1 May 2010
1
29/32
Winter wheat Rainfed grass
2 June 2010
3
29/31
Winter wheat Rainfed grass
18 June 2010
1
29/32
Winter wheat Rainfed grass
26 June 2010
1,3
29/31; 29/32 Winter wheat Rainfed grass
5 Aug. 2010
1
29/32
Rainfed grass
13 Aug. 2010
1
29/32
Rainfed grass
21 Aug. 2010
1,3
29/31; 29/32
Rainfed grass
14 Sept. 2010
1
29/32
Rainfed grass
22 Sept. 2010
3
29/31
Rainfed grass
30 Sept. 2010
1,3
29/31; 29/32
Rainfed grass
8 Oct. 2010
1,3
29/31; 29/32
Rainfed grass
16 Oct. 2010
1,3
29/31; 29/32
Rainfed grass
4-May 2011
3
29/31
Irrigated maize Rainfed grass
12-May 2011
3
29/31
Irrigated maize Rainfed grass
5 June 2011
1,3
29/31; 29/32 Irrigated maize Rainfed grass
29 June 2011
1,3
29/31; 29/32 Irrigated maize Rainfed grass
31 July 2011
1,3
29/31; 29/32 Irrigated maize Rainfed grass
8 Aug. 2011
1,3
29/31; 29/32 Irrigated maize Rainfed grass
24 Aug. 2011
3
29/31
Irrigated maize Rainfed grass
1 Sept. 2011
1,3
29/31; 29/32 Irrigated maize Rainfed grass
25 Sept. 2011
1,3
29/31; 29/32
Rainfed grass
3 Oct. 2011
1,3
29/31; 29/32
Rainfed grass
19 Oct. 2011
1,3
29/31; 29/32
Rainfed grass
27 Oct. 2011
3
29/31
Rainfed grass

there were no missing pixels. The crop data layers of the
study area for 2009, 2010, and 2011 were obtained from the
USDA National Agricultural Statistical Service (NASS),
and digital elevation images (30 m) were obtained from the
Center of Advanced Land Management Information Technology (CALMIT) at the University of Nebraska-Lincoln.
The digital numbers (DN) of the images were converted to
top of atmosphere (TOA) radiance and reflectance values
using the modified methodology suggested by Chander and
Markham (2003) and Chander et al. (2007). Surface reflectance values were then calculated by applying the atmospheric correction to the TOA reflectance values on a bandby-band basis using the procedure developed by Tasumi et
al. (2008). In all cases, emissivity and albedo values were
calculated using Landsat products. NDVI was computed
using the infrared (band 4) and red (band 3) band top of
reflectance (Sobrino et al., 2004). Subsequently, LAI values were calculated from the NDVI data using the approach
presented by Fisher et al. (2008). An iterative procedure
was used to calculate H, as suggested by Su (2002) and
Wang et al. (2008).
BASIC PRINCIPLES OF SEBS
SEBS (Su, 2002) was used for the estimation of surface
energy fluxes using satellite data in combination with meteorological data. SEBS is a physically based approach
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used as a principle algorithm for partitioning the available
energy (Rn − G) between ETc and H, which is typically
expressed as:
λETc = Rn − G − H − S p − Sc − S g

(1)

where Rn is the net radiation at the surface (W m-2), G is the
soil heat flux (W m-2), H is the sensible heat flux (W m-2),
λETc is the latent heat flux (LE or evapotranspiration, ETc)
(W m-2), and λ is the latent heat of vaporization (J kg-1).
The terms Sp, Sc, and Sg are the energy fluxes for photosynthesis, canopy heat storage in water content, and ground
heat storage above the soil heat flux plates, respectively.
These storage terms are considered relatively small and
negligible. The main input dataset to SEBS includes land
surface albedo (α), emissivity (ε), land surface temperature
(Ts), LAI, and NDVI, which were calculated from spectral
reflectance and radiance (Chander and Markham, 2003;
Chander et al., 2007). Other inputs, including air pressure
(P), air temperature (Ta), relative humidity (RH), incoming
shortwave radiation (Rs), and wind speed (u2) at the reference height (2 m), were obtained from the meteorological
stations.
One of the primary quantities used in the landatmosphere interaction is Rn, which was computed for each
pixel as the difference between downward and upward radiation fluxes at the land surface in both shortwave and
longwave domains:
Rn = (1 − α ) × Rswd + ε × Rlwd − σ × ε × Ts4

(2)

where α is the land surface albedo, Rswd is the downward
shortwave radiation (W m-2), Rlwd is the downward
longwave radiation (W m-2), ε is the emissivity of the surface, σ is the Stefan-Boltzmann constant (5.678 × 10-8 W
m-2 K4), and Ts is the satellite-derived surface temperature.
All components used in the radiation balance were calculated with the procedure described by Su et al. (1999), Samani et al. (2007), and Vinukollu et al. (2011). On a regional scale, G is generally not available. Thus, an empirical parameterization of the ground heat flux based on Rn
and the vegetation fraction is used to estimate G. An equation developed by Singh et al. (2008) based on the extensive G measurements obtained from NEBFLUX (Irmak,
2010) at the University of Nebraska-Lincoln SCAL near
Clay Center, Nebraska, which is a part of our study area,
was used in the analysis:
G
= 0.3811exp(− 2.3187 NDVI )
Rn

(3)

To determine H, Su (2002) replaced the MoninObukhov similarity theory (Monin and Obukhov, 1954) for
planetary boundary layer with the bulk atmospheric layer
similarity theory (Brutsaert, 1999) to solve the relationships
for the profiles of the friction velocity, the difference between near-surface potential air temperature and potential
surface temperature, and Monin-Obukhov length. The similarity relationships for the profiles of mean wind speed and
mean temperature can be expressed as:
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(6)

where z is the height above the surface, u* = (τo/ρ)1/2 is the
friction velocity, τo is the surface shear stress, ρ is the density of air, k is von Karman’s constant, do is the zero plane
displacement height, ρ is the air density, Cp is the specific
heat of air at constant pressure, g is the acceleration due to
gravity, θv is the virtual temperature near the surface, Ts is
the potential temperature at the surface, and Ta is the potential air temperature at height z. The term zom is the roughness height for momentum transfer, zoh is the scalar roughness height for heat transfer, Ψm and Ψh are stability correction functions for momentum and sensible heat transfer,
respectively, which were calculated using the Paulson
(1970) and Webb (1970) formulation, and L is the MoninObukhov length. The wind speed at blending height (z) and
the zero plane displacement height (do) were determined
from the empirical relationship given by Brutsaert (1982)
based on canopy height.
An iterative procedure was used to determine H. First,
the values of H and u* were calculated using equations 4
and 5 and assuming neutral stability conditions (Ψm/h = 0).
The value of L was then calculated using equation 6 and the
initial values of H and u*, which were further used to calculate the stability correction functions using the Paulson
(1970) and Webb (1970) formulation. New values of u*
and H were then calculated using equations 4 and 5 and the
stability correction functions for heat and momentum (Ψm/h
≠ 0). This process continued until Hi − Hi-1 < 0.01 or after
about 100 iterations (Wang et al., 2008).
The roughness heights of the land surface for momentum and heat transfer (zom and zoh) are critical variables that
determine the height of momentum and heat exchange between the land surface and atmosphere. The zom was calculated considering the height and density using the land use
map together with the information provided by LAI and
referenced to the associated zom of the principal land cover
categories of the land use map from NASS. Other models
have been developed to estimate zom using canopy structure
(Raupach, 1992, 1995; Massman, 1999); however, due to
difficulties in obtaining canopy structure and canopy aerodynamic properties, these models are difficult to apply at
regional scales. The zoh was calculated using the methodology developed by Su (2002), which further employs surface characteristics, the thermal state of the surface, and
atmospheric flow.
Latent heat flux was then derived from the evaporative
fraction, which was assumed to be nearly constant during
the day. Su (2002) determined the evaporative fraction
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from the dry boundary H, wet boundary H, and H from the
rest of the surface conditions. To determine the evaporative
fraction in SEBS, H was calculated using two limits:
(1) sensible heat at the wet limit (Hwet), and (2) sensible
heat at the dry limit (Hdry). The model interpolated the
evaporative fraction between these limits. H was calculated
using the Broyden method (Press et al., 1997), which requires the wind speed near the surface (2 m height), temperature, and Monin-Obukhov length, by simultaneously
solving for the stability functions through an iterative process. The wind speed was derived from atmospheric conditions that were characterized by frictional velocity and canopy roughness length, both for momentum and for heat
transfer at the blending height, which was set to 200 m for
the analysis in this study (Wang et al., 2008). The blending
height is defined as the height at which the flow is approximately in equilibrium with the local surface and is independent of horizontal position (Wieringa, 1986; Mason,
1988).
At the dry limit, H is at its maximum value (LE = 0) due
to the limitation of available soil moisture for evaporation.
At the wet limit, H is at its minimum value, and evaporation takes place at the potential rate, limited only by the
energy available under the given surface and atmospheric
conditions. By definition, H at the wet limit can be calculated with the Penman-Monteith parameterization equation
(Monteith, 1981), assuming the bulk internal resistance is
zero (rc = 0):

H wet


ρC p es − ea 
 (Rn − G ) −

×

γ 
ra , wet

=
 Δ
1 + 
γ


(7)

where ETc is the latent heat flux density (W m-2),G is the
soil heat flux density (W m-2), Δ is the slope of the saturation vapor pressure versus air temperature curve (Pa °C-1),
ρ is the air density (kg m-3), Cp is the specific heat of air
(J kg-1 °C), γ is the psychometric constant (Pa °C-1), es and
ea are the saturation and actual vapor pressure of air (Pa),
respectively, where (es − ea) represents vapor pressure deficit (VPD), rc and ra are the bulk surface internal resistance
and external or aerodynamic resistance, respectively, and
Rn is the net radiation (W m-2). After estimation of H, the
SEBS model uses a scaling method to adjust the derived H
between the hypothetical dry and wet limits based on the
relative evaporation concept. The evaporative fraction (Λ)
is then calculated as:
Λ=

Λ r × LE wet
LE
=
Rn − G
Rn − G

Λr = 1 −

H − H wet
H dry − H wet

(8)
(9)

Finally, instantaneous ETc was calculated as:
λETc = Λ (Rn − G )
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(10)

Daily ETc24 was then calculated using the average daily
Rn, daily soil heat flux (assuming Gdaily = 0), and evaporative fraction:

(

)

ETc 24 = 8.64 × 107 × Λ

(Rn 24 − G24 )
λρ w

(11)

where ETc24 is the daily crop ET (mm d-1), Rn24 is the daily
net radiation (W m-2), G24 is the daily soil heat flux (W m-2),
λ is the latent heat of vaporization (J kg-1), and ρw is the density of water (kg m-3). To calculate the ETc24 between the
dates of Landsat overpass, alfalfa-reference evapotranspiration (ETr) was calculated using the meteorological data from
weather stations and the ASCE Penman-Monteith equation
(ASCE-EWRI, 2005). For each image date, the crop coefficient (ETc24/ETr) was determined, which was linearly interpolated between the two image dates (Singh and Irmak,
2009). The interpolated crop coefficient values were than
multiplied by ETr to calculate the daily ETc and summed for
the monthly and seasonal ETc.

RESULTS AND DISCUSSION
MEASURED VS. ESTIMATED SURFACE
ENERGY BALANCE FLUXES
A comparison of satellite-based retrievals with ground
measurement data offers an imperfect assessment of satellite retrievals because of various influential factors, including the representativeness of the sensor pixel scale, sensor
accuracy, and measured versus estimated variables
(Schuepp et al., 1990). To evaluate the ability of the SEBS
model to accurately estimate fluxes, comparisons were
made between estimated instantaneous surface energy balance components (LE, H, Rn, and G) and the BREBSmeasured data (Irmak, 2010) at the satellite overpass times
(12:00 p.m. CST). The instantaneous value of the surface
energy balance flux from SEBS was calculated by averaging the 3×3 pixels (nine 30 m pixels) surrounding the
BREBS tower. Validation results were assessed for each of
the selected vegetation surfaces (rainfed grassland, rainfed
winter wheat, and irrigated maize). The R2, standard deviation (SD), and root mean square difference (RMSD) were
used to assess the error associated with each component.
The model predictions were determined from Landsat imagery acquired on selected dates, as presented in table 3.
This section discusses the comparison of estimated instantaneous Rn, G, H, and LE of the pixel corresponding to the
geographic location of the BREBS towers.
Figures 2 and 3 present a comparison of SEBS-estimated
and measured surface energy balance fluxes at the satellite
overpass times for all three vegetation surfaces studied. A
total of 54 data points were used in the analyses. SEBSestimated LE compared well with the BREBS measurements (fig. 2a). The average LE for all 54 data points over
the three vegetation surfaces was 247 W m-2 (ETc = 0.36
mm h-1) with SD = 108 W m-2, as compared to the ground
measurement of 216 W m-2 (ETc = 0.32 mm h-1) with SD =
108 W m-2 (fig. 3). The regression model explained about
88% of the variability in the observed data with a slope
close to 1 (0.94) and intercept close to zero (0.0086 mm h-1).
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Figure 2. Comparison of estimated and NEBFLUX (Irmak, 2010) BREBS towers-measured instantaneous energy balance fluxes, including
(a) latent heat flux (mm h-1), (b) sensible heat flux (W m-2), (c) net radiation (W m-2), and (d) soil heat flux (W m-2) for all vegetation surfaces
(pooled data) (n = 54 in each case).

Figure 3. Statistical comparison between estimated and NEBFLUX (Irmak, 2010) BREBS towers-measured surface energy balance fluxes
(W m-2) for pooled data for maize, winter wheat, and rainfed grass.

An RMSD of 0.07 mm h-1 was observed between the estimated and measured values. Similar results were observed
by Su (2002) over shrub and grass surfaces, with an RMSD
of 82.79 W m-2 for shrubs and 61.3 W m-2 for grass. Ma et
al. (2012) tested the performance of SEBS using 16 Landsat images over the Coleambally Irrigation Area in
Australia and reported a good correlation between estimated and observed ETc with R2 = 0.95. The aforementioned results so far indicate the performance of the SEBS
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model for the “pooled data” for all three surfaces (grassland, winter wheat, and maize). In the next section, we provide performance analysis results for the individual surfaces.
Overall, while a good correlation was observed between
estimated and BREBS-measured Rn (R2 = 0.90 and RMSD =
52 W m-2; figs. 2c and 3) for the mixed vegetation (pooled
data from all pixels for all vegetation surfaces), on average
the model overestimated measured Rn by 9%. Variation in Rn
might be due to the complexity of the underlying heteroge-
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neous surfaces. A heterogeneous surface influences the surface optical properties (albedo and emissivity), the fraction
of absorbed photosynthetically active radiation, the transpiration rate, and surface energy budgets (Guillevic et al.,
2012). For example, at the BREBS-3 location, rainfed grass
surrounded by bare soil and dry vegetation resulted in a
higher temperature difference, and hence in an overestimation of Rn (fig. 2c). Variation in Rn can also be attributed to
the sparse canopy of rainfed grass, which results in a difference between point measurements of Rn over the vegetation surface as compared with the average spatial values
from the satellite. More variation in Rn is expected especially on rainfed surfaces due to non-uniform soil moisture
uptake and non-uniform wetting and drying in different
parts of the field, as compared with irrigated surfaces,
where soil moisture distribution (drying and wetting) can
be expected to be more uniform, with thus less variation in
Rn. The mean Rn for the pooled dataset was 502 W m-2 with
SD = 77 W m-2. Similar results were reported by Paul et al.
(2011), who observed a good agreement between SEBSestimated and measured Rn, with R2 = 0.73 and RMSD of
52.45 W m-2. Lower RMSD values of 17.1 W m-2 and 28.6
W m-2 were observed by Su (2002) over cotton and shrub
fields, respectively, in central Arizona. Cristóbal et al.
(2009) reported an RMSD of 20 W m-2 using 13 ground
meteorological stations in a Mediterranean mountain area
over a Scots pine (Pinus sylvestris) stand.
A comparison of satellite-based H with field measurements along with statistical analysis is presented in figures 2b and 3. Overall, good correlation was observed between SEBS-estimated and BREBS-measured instantaneous H (R2 = 0.63; RMSD = 40.5 W m-2). The average
SEBS estimate of H was 188 W m-2 (SD = 54 W m-2),
which is 2% lower than the ground observations (mean =
192 W m-2; SD = 71 W m-2). Most of the underestimation
occurred for winter wheat and irrigated maize toward the
end of the growing season around physiological maturity.
The maximum and minimum H of 292.4 W m-2 and 17 W
m-2 were observed for winter wheat on the day of the 2009
harvest (July 9, 2009) and for irrigated maize on September 1, 2011 (corresponding to maximum ETc).
The correlation between SEBS-estimated and measured
G (fig. 2d) was generally overestimated (R2 = 0.32; RMSD
= 35.3 W m-2). The modeled average G for the pooled data
was 66.9 W m-2 (SD = 25.4 W m-2), which is 24% higher

than the measurements. The lowest RMSD of 27.5 W m-2
was observed for rainfed grass at BREBS-3, as compared to
47.2 W m-2 and 33.7 W m-2 for winter wheat and maize,
respectively, at BREBS-1 (table 3).
The difference in G could be due to the differences in soil
properties and residue management/surface conditions at the
different sites. For instance, the winter wheat and maize field
was maintained as ridge till (organic matter content of 2.0%
to 4.0%) with row spacing of 0.19 m and 0.76 m, respectively, on a silt loam soil with a particle size distribution of
16.2% sand, 53.7% silt, and 30.1% clay. However, the
BREBS-3 site was maintained as rainfed grassland on loamy
fine sand with a particle size distribution of 93.7% sand,
4.7% silt, and 2.2% clay (Irmak, 2010). These differences in
soil texture resulted in variations in soil water content, soil
temperature, and thus G. Similar results were found by Irmak
et al. (2011), who reported a higher RMSD of 48.6 W m-2 in
2005 on irrigated continuous maize at three sites near Mead,
Nebraska. They used a different remote sensing model to
predict G at the Mead and Clay Center locations, and the
reported difference in G ranged from 36.3 to 62.6 W m-2 due
to differences in soil properties, measurement of G (sensor
depth and distance between sensors), and surface conditions
at the different locations. Su (2002) reported a large RMSD
of 41.5 W m-2. Singh et al. (2008) also reported poor correlation between estimated and observed G with a larger RMSD
of 80 W m-2.
Table 3 presents a comparison of modeled instantaneous
ETc (mm h-1), Rn (W m-2), H (W m-2), and G (W m-2) with
the BREBS measurements for individual surfaces rather
than the pooled data. For rainfed grass, there was a good
correlation between estimated and measured Rn (R2 of 0.95;
RMSD = 46.8 W m-2). The SEBS model overestimated Rn
by 8%. The average estimated Rn from 2009 to 2011 was
495 W m-2 (SD = 81.6 W m-2). The maximum and minimum Rn of 589 and 319 W m-2 were observed on July 1,
2009 (just before tassel stage) and October 27, 2011 (maturity), respectively. For maize and winter wheat, R2 = 0.89
and RMSD = 53.2 W m-2 for maize and R2 = 0.83 and
RMSD = 59.6 W m-2 for winter were obtained when these
surfaces were analyzed separately. The low R2 value in
estimated Rn for winter wheat might be because in 2009
and 2010, out of 15 satellite images, eight images were
analyzed after the harvest, when only crop residue was
available at the surface. Variation in crop residue at the

Table 3. Statistical comparison between estimated and NEBFLUX (Irmak, 2010) BREBS towers-measured surface energy balance fluxes for
individual surfaces (rainfed grass, winter wheat, and irrigated maize): N = number of observations, R2 = coefficient of determination, SD =
standard deviation, and RMSD = root mean square difference.
Average
Average
SD
SD
Surface
Energy Flux
N
R2
Estimated
Measured
Estimated
Measured
RMSD
Rainfed grass
Net radiation (W m-2)
28
0.95
495.36
453.26
81.55
87.41
46.76
Soil heat flux (W m-2)
28
0.08
61.34
39.45
11.50
16.09
27.54
Sensible heat flux (W m-2)
28
0.62
190.98
184.05
38.53
32.46
24.34
28
0.91
242.37
232.42
91.89
84.84
28.47
Latent heat flux (W m-2)
Winter wheat
Net radiation (W m-2)
15
0.83
510.11
461.79
84.23
87.84
59.64
Soil heat flux (W m-2)
15
0.06
80.57
70.88
23.68
31.32
47.19
15
0.71
200.49
210.17
54.35
95.55
47.65
Sensible heat flux (W m-2)
15
0.94
221.25
174.36
119.45
124.04
58.22
Latent heat flux (W m-2)
Maize
Net radiation (W m-2)
11
0.89
506.57
457.06
55.44
61.93
53.21
Soil heat flux (W m-2)
11
0.68
63.79
53.44
43.76
29.18
33.68
11
0.70
163.00
188.34
81.11
101.43
58.67
Sensible heat flux (W m-2)
11
0.90
279.83
220.15
132.35
135.89
72.05
Latent heat flux (W m-2)
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surface can alter the surface temperature, which may result
in more variation in radiation available at the surface. Horton et al. (1996) reported that crop residue can effect both the
shortwave albedo and longwave emissivity, and hence Rn.
Similar or better correlations were observed between
SEBS-estimated and BREBS-measured H, with R2 values
of 0.62, 0.71, and 0.70 for rainfed grass, winter wheat, and
irrigated maize, respectively. For winter wheat and irrigated maize, SEBS underestimated H with an overall reduction of 5% and 16%, respectively, compared to the pooled
data. For example, in 2009 and 2010, winter wheat was
harvested on July 9 and August 8, respectively. Toward
physiological maturity and after the harvest, most of the
available energy was used for warming the environment.
However, for irrigated maize during mid-season crop development stages, low values of SEBS-estimated H were
observed on August 24 and September 1, when the energy
available to the crop surface was mostly used to evaporate
water through crop evapotranspiration and predominantly
transpiration (Payero and Irmak, 2013). For rainfed grass, a
slight overestimation (3.6%) was observed. This overestimation of H might be due to SEBS neglecting the heat flux
absorption along the temperature profile when extrapolating to and from the blending layer (Gowda et al., 2007).
The absorption, over a dry condition, can be large, and it
disrupts the assumption of a smooth temperature gradient
that conveys the H estimate all the way to the blending
height, which may result in overestimation of the surface
temperature for rainfed grass. The correlation between
measured and estimated G had a lower RMSD than the
pooled data for irrigated maize and rainfed grass (table 3),
with R2 of 0.68 for irrigated maize. On the other hand, the
regression model exhibited poor performance in predicting
G for rainfed grass (R2 = 0.08; RMSD = 27.54 W m-2) and
winter wheat (R2 = 0.06; RMSD = 53.9 W m-2). The maximum difference in G was observed after harvest for both
winter wheat and irrigated maize. On average, there was an
overestimation of 36%, 12%, and 16% in G for rainfed
grass, winter wheat, and irrigated maize, respectively. For
winter wheat and rainfed grass, the prediction results for
individual surfaces did not improve as compared to the
mixed vegetation canopy (pooled data for all surfaces).
The ETc data and statistics for irrigated maize, winter
wheat, and rainfed grass are presented in table 3. Good
relationships were observed between measured and estimated ETc for all three vegetation surfaces, with R2 > 0.90
for all cases. SEBS overestimated ETc by 4%, 21%, and
21% for rainfed grass, winter wheat, and irrigated maize,
respectively. The maximum difference of 0.15 mm h-1 between estimated and measured ETc was observed on August 8, 2011, which could be attributed to the precipitation
events on August 7, 2011 (12.2 mm) and August 4, 2011
(8.8 mm), which resulted in increased soil surface moisture
and decreased surface temperature, thus resulting in higher
bias from the measured data.
SPATIO-TEMPORAL VARIATION IN SURFACE
ENERGY BALANCE FLUXES
Depending on the scale, the spatio-temporal patterns of
evapotranspiration can be highly variable due to the hetero-
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geneity of the environmental factors that control the surface
energy balance of the land-atmosphere system, as well as
the heterogeneity of the land surface itself. At field scale,
the spatial variation in soil properties affects surface soil
evaporation and energy balances, including G and H, resulting in within-field and between-field variability in ETc.
Figures 4 and 5 show the spatial distribution of daily ETc
for Landsat overpasses at scattered times in the 2009 and
2011 growing seasons. Six images (30 m grid size) taken
on April 20, May 30, July 1, July 17, August 2, and September 27 were selected for 2009, and seven images taken
on May 6, June 29, July 31, August 8, September 1, October 3, and October 19, which were present for both path 29
row 91 and path 29 and row 32, were selected for 2011 to
evaluate the spatial variability of ETc over the study area.
The images were mosaicked in ERDAS Imagine to present
the spatial distribution of ETc across the study area. To obtain more quantitative assessments of the changes in ETc,
figures 6 and 7 present histograms of the ETc distribution
for 2009 and 2011, respectively. The histograms show the
range and distribution of ETc across the study area. Each
histogram represents a total of 18,756,300 observation data
points. The main crops in the study area are maize and soybean, which are usually planted between 15 April and
15 May and harvested in early to mid-October. In 2009, the
spatial distribution of estimated ETc on April 20 shows an
average ETc of 4.69 mm d-1 (SD = 3.07 mm d-1) with a
maximum of 10.57 mm d-1. On May 30, 2009, an average
ETc of 4.06 mm d-1 and a maximum of 10.62 mm d-1 (SD =
3.08 mm d-1) were observed. Higher ETc at the beginning
of the growing season on April 20, 2009, when most of the
agricultural land was not planted (or not yet emerged) occurred because some clouds were present over the eastern
part of the study area in the April 20 image, which resulted
in overestimation of ETc over the cloudy areas. Most of the
variability in ETc was due to the diverse cropping systems
and agronomic practices across the study area. For example, the southern part of the study area is mostly grazed
natural vegetation, resulting in higher ETc (green color in
figs. 4a and 4b) as compared to the northern part, which is
mainly heterogeneous agricultural land (mainly maize and
soybean) at the beginning of the growing season, resulting
in lower ETc (brown color). The histogram peaks on April
20 and May 30 were observed as 4.6 and 2.9 mm d-1, respectively, with a total of 342,427 pixels for April 20 and
270,197 pixels for May 30.
Figures 4c, 4d, 6c, and 6d represent the spatial ETc distribution and histogram analysis of Landsat overpasses on
July 1 and July 17, 2009. Because the crop was established
on these dates, the spatial variability in ETc due to the variability in vegetation type was less. For instance, the ETc of
field crops was slightly higher as compared to natural vegetation (figs. 4c and 4d). The histogram distributions for
these dates are more skewed toward higher ETc, with average ETc of 5.7 mm d-1 (SD = 3.8 mm d-1) and 7.7 mm d-1
(SD = 3.2 mm d-1), respectively. The histogram peak occurred at 7.40 mm d-1 on July 1 and at 9.40 mm d-1 on July
17, with maximum ETc of 13.03 mm d-1 on July 1 and
10.85 mm d-1 on July 17. The maximum estimated ETc was
observed on August 2, 2009, when the maize and soybean
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Figure 4. Spatial variation of estimated daily ETc on (a) 20 April 2009, (b) 30 May 2009, (c) 1 July 2009, (d) 17 July 2009, (e) 2 August 2009, and
(f) 27 September 2009.

crops (dominant crops in the study area) were fully developed. The average ETc on August 2, 2009, was 7.84 mm d-1
(SD = 3.00 mm d-1) over the study area, with a maximum
of 10.36 mm d-1, and the histogram peak was observed at
9.67 mm d-1. At this stage of the growing season, crops
have usually reached their full canopy cover, with high LAI
and NDVI values (data not shown). In addition, due to
greater air temperature and solar radiation, the available
energy to the well-watered crop surface is mostly used for
crop evapotranspiration, and mainly for transpiration, resulting in higher ETc. Figures 4f and 6f show the spatial
distribution and histogram of ETc for September 27, 2009.
At this time of the year, the maize and soybean crops are at
or close to maturity. An average ETc of 3.65 mm d-1 (SD =
2.17 mm d-1) and a maximum of 7.45 mm d-1 were observed on September 27. On an average, about 60% of the
total study area was below 4 mm d-1 ETc on September 27,
2009.
Similar to the 2009 growing season, figures 5 and 7
show the spatial distribution and histogram analysis of ETc
for the 2011 growing season, with low ETc occurring at the
beginning (June) and end (September and October) of the
season. The highest ETc rates were observed in July and
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August. The highest daily average ETc of 7.23 mm d-1 was
observed on August 8, 2011 (SD = 2.75 mm d-1), with a
maximum of 9.48 mm d-1. However, a high ETc of
7.16 mm d-1 was also observed on June 29, 2011, ranging
from 0 to 11.55 mm d-1. About 70% of the total study area
had ETc greater than 6 mm d-1. The high ETc rate during the
early season was due to the high average daily air temperature and solar radiation. For July 31, August 8, and September 1, 2011, the histogram peak was observed as 8.19,
7.66, and 7.02 mm d-1, with a total of 410212, 610450, and
787414 pixels, respectively. In addition to the spatial variability in ETc, these maps allow us to assess the seasonal
trends in ETc. These maps can also provide information to
quantify the average water use by individual crops or average water consumption by area.
To further analyze the spatial distribution of ETc, the average ETc values of individual agronomic crops were calculated across the study area, and two days were selected in
the 2009 growing season for detailed analyses. Ten vegetation and other surface classes (maize, sorghum, soybean,
winter wheat, alfalfa, open water, developed/open space,
deciduous forest, grassland/pasture, and woody wetlands)
were selected, and the land area for each crop was calculated
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June 05, 2011

Figure 5. Spatial variation of estimated daily ETc on (a) 5 June 2011, (b) 29 June 2011, (c) 31 July 2011, (d) 8 August 2011, (e) 1 September 2011,
(f) 3 October 2011, and (g) 19 October 2011.

using the 2009 cropland data layer (http://nassgeodata.gmu.
edu/CropScape/). Figure 8 represents the average ETc of all
selected crops on May 30 and August 2, 2009, along with
standard deviations. The maximum ETc on May 30, 2009,
was observed for woody wetlands (average ETc = 7.58 mm
d-1; SD = 1.73 mm d-1) and deciduous forests (average ETc
= 7.42 mm d-1; SD = 1.88 mm d-1). The average ETc for
maize and soybean fields were 3.23 mm d-1 (SD = 1.22 mm
d-1) and 3.32 mm d-1 (SD = 1.10 mm d-1), respectively. The
average daily ETc for major row crops (maize, soybean,
and sorghum) increased by 50% to 62% on August 2, 2009,
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relative to early-season values. Average daily ETc of 8.77
mm d-1 (SD = 1.04 mm d-1), 7.65 mm d-1 (SD = 1.37 mm d1
), and 8.71 mm d-1 (SD = 1.18 mm d-1) was observed for
maize, sorghum, and soybean, respectively. Reduction in
ETc was observed for winter wheat (-0.50%) from May 30
(ETc = 7.15 mm d-1; SD = 1.82 mm d-1) to August 2 (ETc =
4.76 mm d-1; SD = 1.11 mm d-1) as winter wheat progressed to maturity.
Generally, at the end of May, winter wheat is between
the booting and flowering stages, having full canopy cover
and greater water use. Water use starts decreasing after the
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Figure 6. Frequency histogram of estimated daily ETc for (a) 20 April 2009, (b) 30 May 2009, (c) 1 July 2009, (d) 17 July 2009, (e) 2 August 2009,
and (f) 27 September 2009.

flowering stage, and winter wheat reaches its full physiological maturity approximately four weeks after peak water
use. For alfalfa, average ETc of 5.86 mm d-1 (SD =
2.20 mm d-1) was observed on May 30, and ETc of
6.57 mm d-1 (SD = 1.87 mm d-1) was observed on August 2. Generally, in eastern and central Nebraska, alfalfa
growth starts in the early spring (mid-April), and alfalfa is
cut every 30 to 40 days (approx. four or five cuttings annually). The water use rate is sharply reduced after each cutting because of the low transpiration rate when most of the
leaf area has been removed. Both dates (May 30 and August 2) approximately resemble peak alfalfa growth. Similar results were found by Rosenberg (1969), who reported
maximum water use of 6.5 mm d-1 for alfalfa in early
spring, which increased to 7.5 mm d-1 during mid-summer.
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Higher SD values on both dates might be because some of
the alfalfa fields were already cut on the selected dates,
resulting in higher variability in ETc rates.
AREA-BASIS AVERAGE WATER CONSUMPTION
To further evaluate the average water consumption of an
area (NRD basis), average ETc values were calculated for
each NRD in the study area. Average ETc of 4.58 mm d-1
(SD = 2.00 mm d-1), 3.58 mm d-1 (SD = 1.55 mm d-1), and
4.26 mm d-1 (SD = 2.03 mm d-1) was observed for Little
Blue NRD (LBNRD), Upper Big Blue NRD (UBBNRD),
and Central Platte NRD (CPNRD), respectively, on May
30, 2014, with maximum values of 10.58, 10.55, and 10.66
mm d-1, respectively. The higher average ETc for LBNRD
and CPNRD as compared to UBBNRD occurred because
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Figure 7. Frequency histograms of estimated daily ETc for (a) 5 June 2011, (b) 29 June 2011, (c) 31 July 2011, (d) 8 August 2011, (e) 1 September
2011, (f) 3 October 2011, and (g) 19 October 2011.
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Figure 8. Estimated average ETc for different surfaces across the study area for 30 May 2009 and 2 August 2009.

both of these NRDs have mixed land use types with row
crops (maize and soybean), riparian, deciduous woodlands,
and rangelands, whereas UBBNRD has very low variability
in land use type, as this NRD is dominated by maize and
soybean cropping systems. The average ETc on August 2,
2009, increased (relative to early season) by 34% to 56%,
with average values of 7.5 mm d-1 (SD = 2.1 mm d-1) for
LBNRD, 8.48 mm d-1 (SD = 1.49 mm d-1) for UBBNRD,
and 7.12 mm d-1 (SD = 2.11 mm d-1) for CPNRD. This information could be useful for decision makers, policy makers, and state and federal water regulatory agencies for
quantification of the overall distribution of evaporative
losses for a given NRD relative to available water resources
for evaluating various management practices. To further
explain the spatial variation of other surface energy balance
components and vegetation parameters, two more images
were selected for analyses (August 21, 2010, for late season
and June 5, 2011, for early season).
Figures 9 and 10 show the spatial distribution of SEBSestimated instantaneous LAI, albedo, Rn, G, H, and ETc for
the entire study area on August 21, 2010, and June 5, 2011,
respectively. LAI on August 21, 2010 (fig. 9a) ranged from
0 to 6 m2 m-2, with an average value of 2.99 m2 m-2 (SD =
1.74). The low average value is due to the low LAI values
of the grazed rangeland, bare soil, and natural vegetation in
the southern part of the study area, resulting in an overall
decrease in LAI for the whole study area. In August, most
of the crops are at full canopy cover, resulting in higher
LAI (darker green) in the northern part of the study area.
However, the image taken on June 5, 2011, represents the
beginning of the cropping season for the study area, and
LAI ranged from 0 to 2.92 m2 m-2 with an average of
1.46 m2 m-2 (SD = 0.85). The dark green portion at the center of the 2011 image is due to the presence of extensive
alfalfa and herbaceous grassland during the growing season
at the SCAL and USDA Meat and Animal Research Center.
In south central Nebraska, the irrigation season in a normal
year starts in mid-June and ends in mid- to late September.
Center pivots are the most commonly used irrigation systems. By the end of July, crops in the region are in the midseason stage with full canopy cover; thus, the LAI for the
irrigated maize and soybean would mostly be >4 m2 m-2, as
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shown in figure 9a.
Figures 9b and 10b show the spatial variation of albedo
on the selected dates. Albedo varied from 0 to 0.55 on August 21, 2010, and from 0 to 0.52 on June 5, 2011. On August 21, 2010, higher albedo was observed for the northern
part of the study area, which is dominated by agronomic
row crops, than for the southern grasslands. However, an
opposite trend was observed for June 5, 2011. Figures 9c
and 10c show the spatial variation of Rn across the study
area. The average Rn was 344 W m-2 (SD = 200 W m-2) on
August 21, 2010, and 371 W m-2 (SD = 216 W m-2) on June
5, 2011. The variation of G is shown in figures 9d and 10d.
On an image scale, G varied from 0 to 150 W m-2 at the
beginning of the growing season (June 5, 2011), with an
average of 78.2 W m-2 when there was sparse and thin vegetation cover, and decreased toward the full canopy cover
periods. Lower values of G were observed on August 21,
2010, with an average of 34.80 W m-2. Higher G was observed in the southern part of the study area where less
dense grasslands were located. Figures 9e and 10e show the
spatial variation of H. In both cases, H varied from 0 W m-2
to approximately 700 W m-2. The average H for the images
taken at the beginning of the growing season on June 5,
2011, was 644 W m-2, while a lower average value of
360 W m-2 was observed on August 21, 2010, when most
of the available energy was partitioned into ETc. Figures 9f
and 10f show the spatial distribution of instantaneous ETc,
which varied between 0 and 0.90 mm h-1. As expected, a
higher average value of 0.31 mm h-1 was observed on August 21, 2010, when crops (especially irrigated crops) were
transpiring at their potential rate, as compared to 0.13 mm
h-1 on June 5, 2011.
DAILY, MONTHLY, AND SEASONAL
EVAPOTRANSPIRATION
To investigate the difference in SEBS-estimated ETc for
different vegetation types and years, figures 11 and 12
show the daily, monthly and cumulative seasonal SEBSestimated ETc for rainfed grass (2009, 2010, and 2011) and
irrigated maize (2011), respectively. For rainfed grass, the
magnitude and trends in ETc and precipitation were calculated from May 1 to September 30 for 2009 and 2010. For
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Figure 9. Spatial distribution of (a) leaf area index (LAI, m2 m-2), (b) albedo, (c) net radiation (Rn, W m-2), (d) soil heat flux (G, W m-2), (e) sensible heat flux (H, W m-2), and (f) instantaneous evapotranspiration (ETc, mm h-1) estimated across south central Nebraska on 21 August 2010.

2011, the analysis was conducted from June 1 to September
30 because no images were available before June for path
29 row 31. For rainfed grass, cumulative ETc was 498 mm,
591 mm, and 436 mm for 2009, 2010, and 2011 (June to
September), respectively (fig. 11a). These differences in
cumulative ETc over the same field for different years are
due to the different climatic conditions and precipitation
amounts and distribution. For example, in the 2010 growing season, more evenly distributed precipitation events
were observed with cumulative precipitation of 403 mm, as
compared to the 2009 growing season, when most of the
precipitation events were observed in June with cumulative
precipitation of 311 mm. Heavy precipitation events in
2010 provided enough soil water for the rainfed grass to
flourish to its maximum potential growth, thus increasing
ETc. In 2009, the maximum monthly ETc was 126 mm and
occurred in July; however, the maximum ETc in 2010
(138 mm) and 2011 (137 mm) occurred in June. Figures 11b, 11c, and 11d show the daily trends in ETc for
2009, 2010, and 2011, respectively. A similar temporal
trend was observed for daily ETc for the three years with
different magnitudes: lower ETc at the beginning (May)
and end (September) of the season, and higher values in
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mid-season (June to August). In 2009, the highest monthly
ETc occurred in July, and the maximum and minimum daily ETc values were 7.32 mm d-1 (June 28) and 0.164 mm d-1
(June 7). The low daily ETc on June 7 might be due to precipitation events of 10.5 mm on June 5 and 31 mm on
June 6. In 2010, the maximum ETc of 8.18 mm d-1 was observed on May 29, and the minimum of 0.14 mm d-1 was
observed on May 10.
Figures 12a and 12b show the cumulative seasonal,
monthly, and daily ETc for irrigated maize derived from
SEBS along with the 2011 growing season precipitation at
the BREBS-1 location. The SEBS-estimated seasonal ETc
for irrigated maize at BREBS-1 was 675 mm from May 1
to October 16, with maximum monthly ETc of 172 mm in
August. As expected, daily ETc showed high variability for
day to day, mainly due to changes in daily weather conditions. The maximum daily ETc of 7.72 mm d-1 and minimum of 0.40 mm d-1 were observed on August 13 and
May 19, respectively. The daily and monthly ETc show
typical bell-shaped distributions, gradually increasing from
early season to mid-season, when maize transpires at its
potential rate, and then decreasing toward harvest as a function of climatic conditions.
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(a)

(b)

(d)

(e)

(c)

(f)

Figure 10. Spatial distribution of (a) leaf area index (LAI, m2 m-2), (b) albedo, (c) net radiation (Rn, W m-2), (d) soil heat flux (G, W m-2), (e) sensible heat flux (H, W m-2), and (f) instantaneous evapotranspiration (ETc, mm h-1) estimated across south central Nebraska on 5 June 2011.

SUMMARY AND CONCLUSIONS
The Surface Energy Balance System (SEBS) was used
to estimate surface energy fluxes in a sub-humid and semiarid transition zone in south central Nebraska. A total of
54 cloud-free Landsat 5 and Landsat 7 images were processed for three growing seasons (2009, 2010, and 2011)
covering both tall (maize) and short (winter wheat and rainfed grass) vegetation surfaces. The SEBS-estimated Rn, G,
H, and ETc values were compared to Bowen Ratio Energy
Balance System (BREBS) measured fluxes during the time
of satellite overpasses. Results from the average of the different vegetation surfaces (pooled data comparison)
showed good correlation between estimated and measured
surface energy balance components, with R2 of 0.88, 0.90,
0.63, and 0.32 for ETc, Rn, H, and G, respectively. An improvement in results was evident when comparisons were
made for individual vegetation surfaces. For irrigated
maize, the SEBS model explained about 90%, 89%, 70%,
and 68% of the variability in ETc, Rn, H, and G, respectively. Large-scale analyses of spatial ETc indicated that in the
early season, the maximum ETc occurred on May 30, 2009,
for woody wetlands and deciduous forests, with average
ETc of 7.58 mm d-1 (SD = 1.73 mm d-1) for woody wetlands
and 7.42 mm d-1 (1.88 mm d-1) for deciduous forests. The
SEBS-estimated seasonal average ETc for maize and soy-
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bean fields were 3.23 mm d-1 (SD = 1.22 mm d-1) and
3.32 mm d-1 (SD = 1.1 mm d-1), respectively. The average
daily ETc for major row crops increased (relative to early
season rates) by 50% to 62% in the mid-season (on August 2, 2009), and average daily ETc of 8.77 mm d-1 (SD =
1.04 mm d-1), 7.65 mm d-1 (SD = 1.37 mm d-1), and
8.71 mm d-1 (SD = 1.18 mm d-1) was observed for maize,
sorghum, and soybean, respectively. Most of the variability
in the spatial distribution of ETc was due to the diverse
cropping practices across the study area. Cumulative ETc of
498 mm d-1 (in 2009) and 591 mm d-1 (in 2010) was observed for rainfed grass. For irrigated maize, seasonal ETc
of 675 mm d-1 was observed from May 1 to October 16,
with maximum monthly ETc of 172 mm d-1 in August.
Remote sensing can be an important tool for estimating
the spatial distribution of surface energy balance variables
for large vegetation areas. However, the SEBS performance
was poor during days with precipitation events, and its performance in estimating H, Rn, and G was much poorer than
for ETc. Thus, additional research is needed to investigate
the performance of SEBS for various vegetation surfaces as
well as the development of algorithms to improve the performance of the model to estimate surface energy fluxes,
especially on days with precipitation events.
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Figure 11. Estimated (a) cumulative seasonal monthly evapotranspiration (ETc) and daily ETc along with daily precipitation (P) for (b) 2009,
(c) 2010, and (d) 2011 for rainfed grass at BREBS-3 (DOY = day of year).

1282

TRANSACTIONS OF THE ASABE

Figure 12. Estimated (a) cumulative seasonal and monthly evapotranspiration (ETc) and (b) daily ETc along with daily precipitation (P) for 2011
for irrigated maize at BREBS-1 (DOY = day of year).
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